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STUDIES ON OXIDATION-REDUCTION 


XI. POTENTIOMETRIC AND SPECTROPHOTOMETRIC STUDIES OF 
BINDSCHEDLER’S GREEN AND TOLUYLENE BLUE 


By Max PaILuips, Associate Chemist, W. MANSFIELD CLARK, Chief of Division of Chemistry, and 
BARNETT COHEN, Chemist, Hygienic Laboratory, United States Public Health Service 


Introduction 


Data which may become of considerable importance to cytology 
and to general physiology are being obtained by injecting indophenols 
into single cells. A recent review of this subject is given by J. Need- 
ham and D. M. Needham (1926). An interpretation of the results 
depends upon the use of the equilibrium potentials of each indo- 
phenol system the data for which are to be found in the third, fifth, 
sixth, and seventh papers of this series. 

It would be desirable to repeat the microinjection experiments 
with oxidation-reduction indicators different in type, but having 
that range of potential which has made the indophenols so useful. 
An obvious first step in this direction is to substitute indamines for 
indophenols. These two series of compounds have the same general 
structure and enough is now known of the effect of zeneral structure 
upon oxidation-reduction potentials to suggest that the similarity 
will be revealed in a similarity of potential-range. The structural 
difference between the two sets of compounds is essentially the sub- 
stitution of basic groups for acidic groups. Perhaps this is unde- 
sirable for biological purposes; yet methylene blue, which contains a 
very strong and also a very weak basic group, has yielded valuable 
results in the study of biological oxidation-reduction. It remains to 
be seen whether or not basic groups in themselves introduce diffi- 
culties in the biochemical applications of oxidation-reduction indi- 
cators; and for the study of this problem it will be desirable to have 
data on at least two indamines. 

Should these substances prove to be isdbel; they have a certain 
decided advantage over indophenols. The dissociation constants of 
indamines usually are such that high color of the oxidant is retained 
throughout a considerable range of pH centered at neutrality. It 
will be recalled that the simple indophenols yield highly colored solu- 
tions in alkaline solutions only, and that it was necessary to halo- 
genate them in order to raise the dissociation constants sufficiently 

to retain high color at neutrality. 
' Aside from these matters of immediate importance, data on inda- 
mines should be of value in several other directions. Compounds 
of indamine type, of which Bindschedler’s green is representative, 


and compounds of type intermediate between that of an indamine 
1 
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and that of an indophenol appear frequently as the colored products 


in numerous color tests. Most noteworthy is the case of the so-called . 


indophenol reaction which is used empirically to differentiate leuco- 
cytes and which, when applied to the differentiation of events within 
the living cell, has furnished the uncertain basis of far-reaching con- 
clusions. As a preliminary to a more exact interpretation of the 
common indophenol reaction, it will be necessary to have at hand 
some data on the equilibrium potentials of the product formed, and, 
in turn, a preliminary to this is the elucidation of at least one inda- 
mine system. 

There are described in this paper the equilibrium potentials ot 
mixtures of Bindschedler’s green and its leuco product and of mix- 
tures of toluylene blue and its leuco product. Incidentally, certain 
spectrophotometric measurements were made with each oxidant, and 
certain hydrogen electrode measurements were made with each 
reductant. 

Bindschedler’s green, which was first made by Bindschedler (1880), 
was subsequently characterized by Nietzki (1883) and by Bind- 
schedler (1883) and was more recently studied by Wieland (1915). 
The base has the structure indicated by (I). 


wl * 
RG i i aa le re I 
(CH3)3N \ =N (CHa): ( ) 


There will be occasion to compare the system, Bindschedler’s green- 
leuco product, with the system methylene blue-leuco methylene 
blue, since the natures of the basic groups are the same in each case. 
Methylene blue base may be considered to be represented by (II). 


N: 
| | | | Waihs:3), urs) ibdibble Saetbina (II) 
(CHs)2N: —§ ==N (CHs)2 


Toluylene blue (structure of base indicated by lila or IIIb) was 
first prepared by Witt (1879) by the interaction of 
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nitrosodimethyl-aniline hydrochloride and m-toluylenediamine. It 
may also be obtained by oxidation of the latter base together with 
dimethylparaphenylene diamine. The higher tinctorial power of 
toluylene blue will probably make it more useful as an indicator 
than Bindschedler’s green if other considerations prove equal. 

Toluylene blue in aqueous solution is transformed to the eurhodine 
neutral red (toluylene red) when heated. Undoubtedly, the trans- 
formation may proceed to some slight degree at room temperature. 
This sort of instability and a peculiar instability of Bindschedler’s 
green, which will be discussed later, will make caution necessary in 
the use of these indamines. 

However, the limitations can best be determined when there are 
provided the fairly reliable values of the characteristic constants 
which we have determined. Proceeding by the customary methods, 
we first determined the E,’ value of each sytem at some constant 
value of pH by titration of the oxidant (or the reductant) in a buffer 
solution. We then carried a fixed ratio of reductant to oxidant 
through a wide range of pH to determine the variation of E,’ with 
pH. The equation summarizing the general form of the relations 
‘ found is, as might be expected, practically the same as the full 
equation for the methylene blue system (see Paper VIII). The 
inflexions of the E,’:pH curve yield values for the several dis- 
sociation constants, some of which are confirmed by hydrogen elec- 
trode or by spectrophotometric measurements. 

The reader who does not care to pursue the details will find sum- 
marized in Tables 17 and 18, and in the text of pages 20 to 24, the 
data required in practical applications. 

In the course of determining the characteristic constants, we 
introduce a novel method for the proximate determination of end- 
points, record certain spectrophotometric data, and deal briefly with 
the nature of and the rates of decomposition of Bindschedler’s green. 


Experimental 


PREPARATIONS 


Preparation of zine chloride double salt of Bindschedler’s green.— 
Seventeen and seventy-five hundredths grams p-aminodimethyl- 
aniline hydrochloride (35 mole) and 12.1 grams dimethylaniline 
were dissolved in 400 c. c. water to which had been added 15 c. c. 
concentrated hydrochloric acid. The solution was cooled to 0° C. 
It was then oxidized with a solution of 19.6 grams potassium di- 
chromate (4 equivalents of oxygen) in 200 grams water to which had 
been added 5 c. c. glacial acetic acid. The oxidizing solution was 
added slowly and the reaction mixture well stirred. It was then 
heated to 50° C. and a solution of 25 grams zinc chloride in 50 e. e. 
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water was added. On standing, the solution deposited coppery, 
glistening crystals of the zine chloride double salt of the dye. It 
was filtered, washed with 100 c. c. water, then with ethanol and ether. 
It was air-dried for one day, and then for two days over sulphuric 
acid. Yield=32 g.=89.6 per cent of theory. 

Analysis: 0.2000 g. yielded 0.0226 g. ZnO. 

0.2000 g. yielded 0.0228 g. ZnO. 
Cale. for (C\jsH»N;Cl).ZnCl,: Zn, 9.13 per cent. 
Found: Zn, 9.08, 9.16 per cent. 

Preparation of leuco base of Bindschedler’s green.—Thirty-two 
grams of the zinc chloride double salt of Bindschedler’s green were 
dissolved in water and a current of hydrogen sulphide was passed 
into the solution until the green color disappeared. This solution 
was heated to boiling, filtered, and made alkaline with sodium 
hydroxide solution. This was extracted with ether, the ether re- 
moved by distillation, and the residue repeatedly crystallized from 
boiling gasoline until a product having a constant melting point was 
obtained. The pure product was colorless and was obtained in the 
form of glistening plates. M. P. 121°C. (corrected). Yield: 10 ¢g., 
or 43.8 per cent of the calculated yield. 

Analysis: 0.0826 g. yielded 12.2 c. c. No (759 mm., 25° C.). 

Cale. for C\gH2,N3: N, 16.46 per cent. 
Found: 16.37 per cent N. 

The above was sample A. A second sample, B, gave the same 
melting point. 

Preparation of toluylene blue.—-Nitrosodimethylaniline hydro- 
chloride was prepared according to the method described in Vanino’s 
“Praiparative Chemie” (1923). Thirty-six grams of this were dis- 
solved in 500 c. c. hot water and the solution was cooled to 30° C. 
To this was added, with continuous stirring, a ‘solution of 24 g. 
m-toluylene diamine in 500 c. c. water. The mixture was allowed 
to stand at room temperature for several hours. From it the dye 
separated as glistening blue crystals. Yield: 80 per cent of theory. 

A sample dried at 80° C. under 12 mm. pressure for 24 hours was 
analyzed for nitrogen by the absolute method. 

Substance: 0.1095 g., yielded 17.2 c. c. N, (763 mm., 25° C.). 
Calculated for C,;H,.N,Cl+H,O: 18.14 per cent N. 
Found: 18.07 per cent N. 


POTENTIAL MEASUREMENTS 


The buffer solutions used were those described by Table 4 of 
Paper VIII in this series. Since hydrogen electrode measurements 
were made in every instance, no attempt at high precision in the 
construction of these solutions was made. 
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As usual, the standard of electrode potential to which all values 


in this paper are reduced was that of a hydrogen electrode in v 


KH-phthalate (— 0.2386 volts). 

All measurements were made at 30° C. 

The apparatus used has been described in previous papers of this 
series. 

In titrations of leuco Bindschedler’s green with chromate, the end 
points were never sharp. Whereas potentials up to points near the 
end poirt were fairly steady, drifts appeared near the end point and 
became so serious that no definite approach of the titration curve to 
an asymptote was revealed. Accordingly, the following new method 
for the proximate estimation of the end point was employed as an aid. 

Assuming a constant value for [H*], the equation relating potential, 
E,, to the ratio of oxidant and reductant is 


When a=0.5, 


This tangent to the titration curve is therefore a straight line defined 
by the conditions that it must pass through E,=E’, when a=0.5 
and must have a slope 


AE, 


~ ig 0.05222 


Its equation is, therefore, 


E, = E’,— 0.02611 + 0.05222 a 
34514°—27——2 
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It is illustrated in Figure 1. 
When a=0, .E,=E’,— 0.02611 
When eee i, 1En= EE’, + 0.02611 
Then ,Ey,—oEn=0.05222. 
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Fic. 1.—Graphic method for determining end-point in an oxidation-reduction titration 
involving a two-electron transfer 





This furnishes tne means for determining the end point graphically. 
The experimental titration curve is plotted with E, as ordinates and 
x centimeters of added oxidant as abscissas. The tangent is drawn 
to the mid-point of the curve and intersecting the ordinates at x=0 
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and x=y (where y is the end point sought). This tangent is defined 
by the equation 


Ey, = E, — 0. 02611 + 0. 05222 


=) 


The end-point y will be on this tangent at a point 0.02611 volts more 
positive than the mid-point, or 0.05222 volts more positive than the 
intersection of the tangent with the ordinate atz=0. The titration 
curve is ordinarily sufficiently “flat”? near the mid-point to permit a 
fairly accurate placement of the tangent. 

The usefulness of this procedure depends upon two matters of 
considerable importance. First, the measurements used to determine 
the middle section of the actual titration curve must be very accurate 
if the tangent is to be well placed. Second, there must not be super- 
imposed upon the conditions defined by equation (1) a change of 
potential of different source such as would occur were the pH value of 
the solution to shift because of the formation of acid or base from the 
products of the reaction or because of dilution of the buffer. When 
such an effect tilts the tangent from its normal slope, there will be 
evident an appreciable discrepancy between the end point estimated 
by this graphic method and the end point estimated by the increase 
in increments of potential with fixed increments of oxidizing agent. 
In some of the present instances such discrepancies have amounted to 
2 or 3 percent in the end point, but we are not able definitely to ascribe 
this to changing pH, because titrations with chromate require con- 
siderable time and during this time there undoubtedly occurred 
slight but definite drifts of potential. We have, therefore, made 
more or less arbitrary selections of end points which inevitably smooth 
out the calculated values of E’,, and in some of the tables give what 
may be a false impression of constancy. However, the constants so 
obtained are probably correct within 1 millivolt. 

Incidentally it may be remarked that equation (3) gives the 
reciprocal of the poising effect, an analogy with the reciprocal of 
Van Slyke’s (1922) buffer index in acid-base systems. 


‘ 


POTENTIAL MEASUREMENTS WITH THE BINDSCHEDLER’S (‘!REEN 
SYSTEM 


Electrode potential differences of solutions containing deiinite 
mixtures of Bindschedler’s green and its leuco base were found to be 
fairly stable in buffer solutions of pH 2 or higher pH until the region 
of neutrality was approached. 

The drifts of potential with time, distinctly noticeable but not 
serious in more acid solutions, began to become fast and finally 
rendered difficult or impossible the estimation of initial potentials in 
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solutions having pH values higher than 9.5. Throughout the region 
of pH higher than 2 the potential-change was always toward more 
negative values; while in solutions of pH value less than 2 the 
potential drift was positive. 

In almost all cases, wherein the potential change was slow enough 
to obtain what was virtually a simultaneous measurement with 
each of the two electrodes always used, the potentials at these elec- 
trodes agreed within the limits of the precision of measurement 
(+0.02 millivolt). 

Since changes of potential were least in solutions between pH 2 
and pH 5, the effort was made to obtain the orienting data in this 
region. Fairly representative of the drifts of potential in this region 
are the following: 0.02 millivolts per minute in solution No. 6; 0.03 
millivolts per minute in solution No. 7; and 0.11 millivolts per minute 
in solution No. 8. Obviously such drifts, while not very serious, may 
introduce significant errors during titrations which occupy consider- 
able time. It was, therefore, considered impracticable to introduce 
corrections for such factors as the change of pH which occurs during 
the titration by reason of the change in acid-base equilibria. 

It had been observed (as recorded in paper VIII) that the poten- 
tial of a fixed mixture of methylene blue and methylene white varied 
considerably with dilution. By analogy, a similar effect was to be 
expected with the Bindschedler’s green system. Accordingly, a fixed 
mixture approximately 0.00125 molar with respect to oxidant and 
0.00125 molar with respect to reductant was prepared in buffer No. 8 
(pH 4.337). The data shown in Table 9, experiment No. 1 are not 
indicative of a significant effect of dilution, for the changes of poten- 
tial found are not greater than the experimental error. A similar 
experiment in which an unbuffered mixture was added to buffer No. 7 
also revealed no change greater than the experimental error. 

The leuco base of methylene blue is very sensitive to light (see 
paper No. VIII). A solution of the dihydrochloride of Bindsched- 
ler’s green left in a glass reservoir under nitrogen and exposed to the 
light of a room with northern exposure, showed no coloration during 
10 days of observation. 

Sirfce the two preparations of the leuco base gave every evidence 
of being pure, orienting data were obtained by the titration of either 
sample of the leuco base. As will be shown, the potentials of the 
system are too positive for the employment of ferricyanide or quinone 
as oxidizing agents. Chlorine water acted as if it not only oxidized 
the leuco base to Bindschedler’s green, but also produced an addi- 
tional effect. This was evident in a slight, but appreciable, skew to 
the titration curve. Accordingly, K,CrO, was used. This was dis- 
solved in a portion of the same buffer solution that was used to sta- 
bilize the pH of the titrated base. 








— 
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In Tables 1 to 4 are shown a series of such titrations. There has 
been excluded from detailed consideration a titration in buffer No. 6 
with chlorine water which, by graphic analysis, gave a value of 0.471 
for E’,. (Compare with 0.4703 in Table 3.) As already noted, the 
evidence of a secondary action of chlorine was plain. There has also 
been excluded from consideration the first titration made, which was 
with ferricyanide in buffer 9. It was evident, and was later proved, 
that the potentials of the Bindschedler’s green system and of the ferro- 
ferricyanide system overlap. However, the EK’, value 0.346 to 0.347, 
estimated by rough graphic analysis, is close to the value calculated 
and given in Table 8. . 

In Tables 5, 6, and 7 are data obtained when fixed mixtures of 
oxidant and reductant were introduced into different buffer solutions, 
the pH value of the resulting mixture being considered equal to that 
of the buffer diluted to the same extent with water. 

In the first instance a solution of the dihydrochloride of the leuco 
base was partially oxidized (while in the reservoir of the apparatus 
described by Figure 3 of Paper III), by drawing in a dilute solution of 
K,CrO,. In the second instance the oxidation was accomplished in 
the same manner, but with dilute chlorine-water. In spite of very 
slow addition and violent shaking, there was evident at points of 
contact with the chlorine-water a temporary color-change indicative 
of slight over-oxidation, perhaps irreversible in nature. In the third 
instance a mixture was prepared from the leuco base and the zine 
double salt of the oxidant. By weights and volumes used, this should 
have been an equimolecular mixture. For a reason to be given later 
we suspect this was not an equimolecular mixture. Therefore, all 
three series of data need correction to obtain E’, values. 

Comparison of the data for EK, in buffers No. 5 and No. 7 in Table 
5 with the E’, values of Tables 1, 2, and 4 indicates corrections of 
5.1, 5.7, and 6.0 millivolts. We shall use a weighted value of 5.8 
millivolts, giving the series of E’, values of Table 5. 

In Table 6 the E, values for solutions Nos. 5, 6, and 7 differ from 
the E’, values of Tables 1, 2,3, and 4 by 2.0, 2.6, 2.2, and 2.5 milli- 
volts. We shall consider 2.3 millivolts the correction to be applied 
to the E’, values of Table 6. 

The correction applied in Table 7 depends on later discussion. 

Average values for E’, are assembled in Table 8. 

In Table 9 are assembled a series of measurements with what 
should have been, by weights and volumes used, definite mixtures of 
oxidant and reductant. However, it was discovered that a solution 
of the zine double salt of Bindschedler’s green (sample B) in the 
absence of known reductant gave a potential which, while not entirely 
stable with respect to time, was exactly duplicated by each of two 
electrodes at any moment and which evidently lay in the region of 
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partial reduction. The percentage reduction was calculated to be 6.9 
in one case and 7.9 in the other, these calculations being based on our 
final values of E’,. 

Now if the data be treated as if the oxidant and reductant were 
present in the proportions indicated by the volumes and concentra- 
tions of the solutions used, the average value for E’, is 0.3858, which 
is 2.5 millivolts below the value 0.3883 calculated from fairly reliable 
data. This divergence is probably much larger than the experimental 
error. Furthermore, the E’, values have a trend suggestive of dis- 
parity in the equivalence of the reductant and oxidant. Assuming, 
then, that reductant is present in solution B (from which A was pre- 
‘pared by mixture) to the extent of 7.4 per cent, the ratio of oxidant 
to reductant in solution B becomes “8 and in solution A, a 
Using these ratios and the volumes of A and B indicated in Table 9, 
there are found the “ corrected’? E’, values, which average 0.3882, 
only 0.1 millivolt below the calculated. 

The experiment was repeated with entirely new solutions of A, B, 
and buffer No. 8. Again B alone gave potentials indicating the 
presence of the reductant, and A again gave a potential 2.4 millivolts 
below the calculated. This experiment happened to be incidental 
to another, and the aspect under present consideration was not in 
mind. Hence the detail is not so extensive; but calculations show 
that a reasonable correction will bring the data to within less than 
0.5 millivolt of the calculated value of E’,. 

Since such corrections in their quantitative aspect are more or 
less arbitrary, no weight is given to the corrected E’, value of Table 9. 
However, since some correction is reasonable, no weight is given to 
the uncorrected value of E’, in the same table. The considerations 
just mentioned, when supported by an argument to be presented 
later, suggest the caution that must be used in the interpretation of 
data obtained by the method of mixtures. 

In Figure 2 there are shown by the centers of circles the E’, 
values of the Bindschedler’s green system as they are distributed 
on or near the E’,:pH curve calculated from the equation presently 
to be discussed. For comparison there are shown the EK’,:pH 
curves of the Lauth’s violet system and the methylene blue system 
described in the eighth paper of this series. 

For a reason presently to be made clear, it was of particular interest 
to see whether the hydrogen electrode could be employed to follow 
the “titration curve’’ of the leuco base of Bindschedler’s green and 
thereby to determine the first and second dissociation constants. 

By reason of the low true solubility of the free base, it was neces- 
sary to operate with very dilute solutions in order to avoid precipita- 
tion of the free base. Accordingly, 0.1276 gm. of the leuco base was 
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dissolved under hydrogen in 200 c. c. of solution containing 6.6 c. c. 
0.2012 normal HCl. Five c. c. of this solution were added to 50 c. c. 
de-aerated water contained in vessel A, Figure 1, of the third paper, 
this series. Contact with the saturated KCl-solution had previously 
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been made with 5x 107-* N HCl, followed by rinsing of the vessel. 
When hydrogen had bubbled through the solution until the palladium- 
coated electrodes agreed and gave steady potentials, the solution 
was titrated with 1.001 x 10-* N NaOH. 
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Since fair measurements were considered sufficient for present 
purposes, no extreme care was taken to make the alkali and the water 
used entirely free from CO,—a matter of considerable importance for 
high accuracy with dilutions such as those used. 

Potentials observed during the course of this titration were only 
slightly unstable. Slight drifts were observed, but both electrodes 
adjusted rapidly and together within a tenth of a millivolt after each 
addition of alkali. 

The data are assembled in Table 10, where the calculations made 
in accordance with the method used by Hastings and Van Slyke 
(1922) in their study of citric acid are summarized. For conven- 
ience, the calculations are as if for an acid. Compare a similar 
treatment of benzidine (paper IX) where Adams’s (1916) and 
Br¢gnsted’s (1923) method of formulating base equilibria is used. 
Had the solutions been known to be completely free of CO, we would 


have refined the calculations by introducing values of mira here these 


are significant, but the proximate calculations will do for present 
purposes. 

The value of pKr; found is 5.05, which is 0.05 unit below the value 
5.10 estimated from the inflection of the E’,:pH curve. The value 
6.35 for pKr, is 0.11 unit lower than the value 6.46 estimated from 
the inflextion of the E’,:pH curve. The two different sets of meas- 
urements were made at very different total salt content of the solutions 
and, therefore, the agreement is as good as can be expected. 

Incidentally, there can be calculated the solubility of the free 
base of leuco Bindschedler’s green from data obtained in two other 
attempts to follow the titration curve. In these attempts the solu- 
tions used were so concentrated that precipitation occurred before 
the titration was complete. In the first case the solution was 1.89 
Xx 107° molar and the pH value 5.723 when percipitation occurred. 
In the second case the solution was 1.025 <10~* molar and the pH 
value 5.940 when precipitation occurred. From equations (14), (15), 
and (16), page 23, 


[Sr] Kr.Kr; 
Kr.Kr,+ Kr,[{H*] + [H*} 


With this the first set of data yield for [B] the value 3.08 x 10~* and 
the second set 2.63107‘, an agreement which is probably better 
than warranted by the care used in detecting first precipitation. 
This small value would indicate that, in the experiment of Table 5, 
in which the final solution was approximately 5 x 10~* with respect to 
the reductant, precipitation should have occurred at about 6.3. 
Actually a dim clouding of solution No. 9 (pH 4.87) was noticed 
and a definite precipitate was observed in No. 10 (pH 5.4). This 


=[H Red] = [free base] = [B]. 
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indicates less true solubility in the buffer used. It would also seem 
to vitiate the measurements at the higher pH values. However, we 
have already noted the necessity for rapid measurements at the higher 
pH values, and, since this forced the use of initial potentials, it is 
probable that the potentials are those occurring before the slow 
process of separation sets in. This is confirmed by the substantial 
agreement between the data of Tables 5 and 6 and the data of Table 
7, where the solubility of the free base was not exceeded, and where 
some incidental measurements, not shown, with one-fifth the con- 
centration indicated in the table, gave results so close to those recorded 
that separate tabulation is considered to be unnecessary. 

Alkaline solutions of Bindschedler’s green exhibit a remarkable 
phenomenon, observed first, we believe, by Nietzki (1883) and later 
studied by Méhlau (1883-1885). The color changes irreversibly to 
brilliant blue, suddenly if the solution has a high pH value, gradually 
at lower values of pH. 

The change in rate with change in pH appeared to be what would 
be expected were it dependent upon the decomposition of the free 
base, and, therefore, an attempt was made to measure the ionization 
constant by the following procedures. 

Examination of the complete equation, (17) (page 24), and of 
the magnitudes of [H*] and of the several dissociation constants 
known, will show that the equation can be reduced to (a) for the 
pH range 8 to 14. In deriving this equation, [S,] has been con- 
sidered constant to express the postulate that the decomposition 
products of the oxidant shall not react with the reductant. 





RT RT, Kom{H*]+Ky 
E,=C+ pp In [So]— Sq In oo rE es ee (a) 
When [H*] is constant, 
_ RT d[So] 
dEn= oF [So] 


Assume now that the rate of disappearance of [So] is proportional 
to the concentration of the free base [OxOH] 








— 66 0l _ K [0x0H] 

Then 
—dE,_RT K,Ox0H] 

dt 2F [So] 

But 
Oe =, the degree of association. 
Hence a T 
-- RTK 
oe way = Kif.--------------+- (b) 


34514°—27——3 
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That equation (b) applies so far as its iorm is concerned is evident 
in the linear relations, shown in Figure 3, between E, and ¢ when 8 
is held constant by a constant value of pH. 

But 


paige ine 
= K-¥ Koni] 





Hence 
= dE, ea K,Ky 





When Ko,,[H*] is large in relation to K,, 


i dE, ae KK, _ 
dt ie Ko», {H*] 





—pH=log i =a constant 
bl 


—dE, 


log ; 


That this relation holds with crude approximation for the cases in 
which the buffer was borate is evident in Table 11. The different 
order of magnitude of the value in the phosphate cases suggests a 
specific ‘‘salt effect.’”’ The fact that the value does not change 
greatly even at pH 9.7 indicates that Ko,; is probably greater than 
1x10-*. If so, the measurements are in a region of pH, where 8 
is small, and any error will produce a large effect on the value of 
Ko,;. Hence only the last two sets of measurements (where @ is 
probably comparatively large) will be used in the calculation of Ko,, 
by equation (c). 

For the case of buffer No. 23, 
aE K.Ky 
~ 1.88 X 107 + Koy: (6.05 x 107!) 





7.55 X 107* 


For the case of buffer No. 24, 


KK, 


a oe no a 
23.4 x 10 =F 38107 + Koy: (1.93 X 107) 


Division of (f) by (e) and solution for Ko,, yields Ko»; =5.7 X 107°. 

The precarious nature of such an attempt to measure Koy, is 
illustrated by the fact that if the pH value of buffer 24 were 
increased by 0.005 unit while the other data remained the same, 
the value of Koy), then found would be 2.710-*. Such an error 
in pH would correspond to a potential error of 0.3 millivolt in some 
potential measurement. Now a bold extrapolation of the value —12 
for log (=5;7)- pH to comparatively low values of pH indicates 


that no drift of potential, due to the decomposition of the free base 
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and appreciable within the time of an ordinary experiment, should 
be observed in solutions near pH 3 or 4. Yet definite drifts were 
observed. This suggests that some factor other than the one under 
present discussion may have superimposed its effect at higher pH 
values. If so, the method of estimating pKoy», is very precarious. 






























































+ 
e 
Fic. 3.—Bindschedler’s green. Linear change of potential (ordinates) with time (abscissa) 
at indicated pH values due to decomposition of the free base of the oxidant 


In an attempt to check this method, determinations were made of 
the increase in the light transmission at a given wave length with 
increase in the time during which solutions of Bindschedler’s green 
were held at certain pH values. The absorption curves of Bind- 
schedler’s green, before and after treatment with alkali, were first 
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determined. In Figure 4, B is the absorption curve of Bindschedler’s 
green at pH 7.5; A is the curve of the same solution after treatment 
with alkali; and C is the curve of the same solution after treatment for 
20 hours at pH 8.1. In the latter case the readings were made with 
a 3 cm. tube, instead of a 10 cm. tube. It is evident that there is 
no one wave length ideally favorable for the experiment. However, 
570 my was chosen and readings for only the first few minutes were 
used. 

If it is assumed that the rate of decline of Bindschedler’s green 


(=P!) is proportional to the concentration of free base, [OxOH], 


it can be shown that at constant [H*] for two values of [S,] 


log et =lo 
where 


K= 





Ten i Koy: fH+)’ 


T, and T, are the transmittancies, ¢ is the time, and K, is the constant 
of the rate of decrease of [S,]. Therefore 


(K,, + Ko,; [H*]) K=a constant 


Then, if K is determined for a series of values of [H*], the simul- 
taneous application of equation (h) in pairs of cases furnishes a value 
for Kop. 

Such calculations were made for 3 pairs of cases and yielded the 
values (3.1X107*), 1.4107 and 1.7X107* for Kop;. Again it is 
seen that this method needs refinement before it can be used with 
assurance. 

Indeed it is now apparent that concordant results can not be 
obtained without very high refinement of the method, because, if 
we accept for purposes of calculation 11.2 (see below) as the pK, 
value of the base, the range pH=7.5 to pH=9.7 (within which it 
was convenient to follow the rate of change) permits only 0.02 per 
cent to 3.0 per cent of free base. In other words, the region of 
measurable rates of decomposition is one in which the slightest error 
in any measurement will cause a large error in the estimated per- 
centage free base or in the dissociation constant and the region of 
high percentage free base is one in which the rate of decomposition 
is too fast for ordinary measurement. The last statement is con- 
firmed by the fact that in solution estimated to be sufficiently alkaline 
to set free practically all the base, the decomposition appears to be 
instantaneous. Therefore, we can do hardly more than guess that 
the inflexion of the E’,:pH curve should occur at about pH 11.2 
corresponding to pKo,», 2.5 (pK, = 13.7) or Kop; =3 X 107%, the latter 
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value being the average of the electrometric estimate and the more 
concordant of the values given above. 

Aside from yielding a rather dubious approximation to a question- 
able dissociation constant, the experimental work on the alkaline 
solutions yielded some interesting facts concerning the nature of the 
products of decomposition. 

In his first paper, Méhlau (1883) describes the product as phenol 
blue. 


/CoHiN (CHs)2 
\C,H, a O 


In a subsequent paper (1885) he describes the preparation of phenol 
blue by treating the zinc chloride double salt of Bindschedler’s 
green with alkali. In this process there occurred a flocculent pre- 
cipitate. Dextrose was then added, which doubtless partially 
reduced the alkaline solution. It is to be noted, however, that 
Mohlau describes the solution as red. This would be expected were 
the solution to contain indophenol—a product which is obtained if 
the solution is heated without the dextrose. 

We believe that with the excess of alkali which Méhlau used 
he would have obtained indophenol if the solution treated had not 
been so concentrated that phenol blue precipitated and was there- 
fore partially protected from further change. As a matter of fact, 
we made repeated attempts to prepare phenol blue by Méhlau’s 
method and found that the yields were extremely poor. Most of the 
Bindschedler’s green appeared to have been converted into indo- 
phenol. With very dilute solutions, we have found the following: 
A solution of the zinc double salt of Bindschedler’s green, sufficiently 
alkaline to cause a rapid change, gave the absorption curve B of 
Figure 4. When 500 c. c. of the 5X107* molar stock solution was 
treated with 25 c. c. 0.2 normal NaOH and then diluted to 5x10 
molar, there was obtained the absorption curve shown by A, Figure 
4. This is practically identical in character with curve I for indo- 
phenol. 

A solution somewhat more concentrated than the above, when 
treated with alkali, yielded a strong odor of dimethylamine. 

On the other hand, when the stock solution of Bindschedler’s 
green was left 20 hours in mixture with an equal volume of buffer 
No. 20 (pH 8.1), then diluted to 11075 molar and read in a 3 cm. 
tube, it gave curve C. This is practically identical with P, the 
curve of phenol blue. When the phenol blue solution was treated 
with alkali, it gave curve D, indicating a rather more radical change 
than that expected, but nevertheless suggesting some formation of 
indophenol. 
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Furthermore the Bindschedler’s green, after treatment with 
alkali, gave a solution which turned red in neutral solution like 
indophenol. The pK, value, determined by the method of Salm, 
was identical with that of indophenol (8.1) (see paper V this series). 
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Fic. 4.—Spectrophotometric curves of Bindschedler’s green and some of its decomposition 
products 
B=Bindschedler’s green 5 x 10 molar at pH 7.5 in 10 cm. tube 
A=Bindschedler’s green after treatment with dilute alkali and diluted to 5 x 10-* molar at 
PH 12.3 in 10 cm. tube 
I=Indophenol 5 x 10 molar at pH 12.3 in 10 cm. tube 
C =Bindschedler’s green 20 hours at pH 8.1 diluted to 1 x i0-5 molar in 3 cm. tube 
P=Phenol blue 1 x 10-5 molar at pH 8.1 in 3 cm. tube 
D=Phenol blue after treatment with dilute alkali. Diluted to 1 x 10-5 molar in 3 cm. tube 


The Bindschedler’s green solution which had been held at pH 8.1 
for 20 hours behaved like phenol blue in its changes of color with 


change of pH. 
Phenol blue does not go to indophenol so readily as does Bind- 


schedler’s green. 
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ELECTRODE MEASUREMENTS WITH TOLUYLENE BLUE 


Electrode potentials in mixtures of toluylene blue and its leuco 
base were much like those observed in the Bindschedier’s green 
system in that they were fairly stable between pH 2.5 and-9.0. They 
were much less stable than the potentials of the Bindschedler’s green 
system in the acid solutions and very much more stable in the alkaline 
solutions. However, a new uncertainty enters. Toluylene blue is 
easily transformed to neutral red. Preliminary measurements of the 
neutral red system (cf. Clark & Zoller, 1921) have shown that the 
latter has a characteristic potential very negative to that of the toluy- 
lene blue system so that there should be no interference, and the effect 
of neutral red production should be exclusively in its alteration of 
the ratio of toluylene blue to leuco-toluylene blue. This effect we 
have not studied. Rather we have sought to obtain known ratios 
by cold reduction and fairly rapid manipulation of solutions. 

In Tables 12, 13, and 14 are shown titration data. In Table 15, 
Series II, measurements were made upon a solution divided into two 
parts, one of which was reduced with hydrogen and platinized asbes- 
tos, filtered, and stored under nitrogen. 

The measurements of E,, in Series I and Series III were made with 
two different solutions of toluylene blue partially reduced with hydro- 
gen and platinized asbestos. In Series I the values of E,, in buffers 
4, 5, and 15 were respectively 0.0103, 0.0093, and 0.0112—average 
0.0103 volts negative to the values of E’, found in Tables 12, 13, 
and 14. (The divergences of E, from the average correspond to 
errors of 0.0, 1.4, and 1.7 per cent reduction.) Accordingly, the E, 
values in Series I are corrected by +0.0103 to obtain the E’, values. 

In Series III, Table 15, the E, values observed in the region of 
pH where potentials are fairly stable, averaged 0.0010 volt more 
negative than corresponding values of E’, in Series I and II. Hence 
this value was used uniformly to find E’, for Series III. 

The E’, values calculated by means of equation (18), page 24, are 
shown in the next to the last column of Table 15. In Figure 2 there 
are charted the average values of E’,, and the curve determined 
by equation 18 with the values of the several constants listed in 
Table 15. 

An attempt was made to determine the titration curve of leuco 
toluylene blue by means of hydrogen electrode measurements. The 
potentials were nearly as satisfactory as those obtained with leuco 
Bindschedler’s green and clearly indicated at least two basic groups 
with dissociation constants near those calculated by the oxidation- 
reduction measurements. However, no very consistent values for 
the constants were obtained, chiefly because it was necessary to work 
with dilutions so high that the correction for the hydrions coming 
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from the hydrochloric acid predominate in attempts to evaluate the 
second basic constant. The calculations were therefore abandoned 
when nothing inconsistent with the results of other measurements 
was detected. 


SPECTROPHOTOMETRIC DETERMINATION OF DISSOCIATION CONSTANTS 
FOR OXIDANT OF TOLUYLENE BLUE 


The transmittancies were determined with a Keuffel and Esser 
color analyzer, tube length, 10 cm. Concentrations of dye in differ- 
ent buffers were varied from 2x 10~ to 5X 107° molar. In all cases, 
50 c. c. buffer were diluted with 5 c. c. dye solution, and the pH of 
the buffers was determined in a dilution of 50:5 with distilled water. 

From the values of —log T at the wave length 650 mu there 
were calculated the pK values of the dissociations in the acid and 
alkaline regions. In the acid region buffers yielded transformations 
of 10.8, 26.3, and 53.8 per cent at pH valués of 2.862, 3.316, and 
3.819, respectively. These data yield the values 3.779, 3.764, and 
3.753, respectively—average, 3.765. With percentage transforma- 
tions less than 10 per cent, the values were considerably divergent 
and were discarded. No determinations were made at transforma- 
tions above 53.8 per cent. 

In the alkaline region, transformations of 17.5, 41.9, and 79.3 per 
cent at pH values of 11.40, 10.86, and 9.695, respectively, gave the 
pK values 10.73, 10.72, and 10.28, respectively—average, 10.58. 
Transformations above 79.3 per cent gave divergent results which 
were discarded. 

There is reason to believe that the color undergoes change with 
time, both in the acid and alkaline regions, so that the above values 
for the dissociation constants are probably only approximations. 

The value pK,y—pKo,, determined spectrophotometrically at 
about 20° is 10.58, while the value which fits the electrometric data 
at 30° is 10.48. The value of pKo, determined spectrophotometri- 
cally at about 20° is 3.77. We have used the rounded value 3.8 in 
the calculation of E’, values. 


COMPARISON OF INDAMINES WITH THIAZINES 


In Table 16 are assembled the basic dissociation constants deter- 
mined electrometrically for oxidant and reductant of toluylene blue, 
Bindschedler’s green, Lauth’s violet, and methylene blue. 

Comparison of the E;:pH curves, shown in Figure 2, reveals a 
certain parallelism between the curves for the four systems, two of 
which are described in the 8th paper of this series. 

The structural formulae are also comparable; and so far as the 
participation of ionization is concerned, the equations for each 





Q. 


STUDIES ON OXIDATION-REDUCTION 21 


system (excluding that for toluylene blue) should be the same— 
with different values, of course, for E, and for the several ionization 
constants. In the discussion of the methylene blue and the Lauth’s 
violet systems, we made the following remark: 


Since the electrometric data reveal directly little regarding the nature or loca- 
tion of the acid-base groups encountered, it is possible to express the experi- 
mental data by a number of equations derived in accordance with the principles 
outlined in the second paper of this series. Without claiming to have exhausted 
the possibilities, we have constructed several such equations which express the 
experimental data well enough, but which call for bizarre chemical properties in 
the thiazines. But by adopting the following rational development, we have 
reached a result which seems satisfactory from every viewpoint. 

We need not repeat the argument; it was a question of identifying 
the ionization constants as determined by the inflexions of the 
KE’, : pH curve with definite allocations to specific groups in the oxi- 
dant and in the reductant. The inflexion of each E’,:pH curve 
from a ‘‘.03-slope” to a “.09-slope”’ was ascribed to ionization of 
the two basic groups of the reductant, the lack of a distinctive inter- 
mediate “.06-slope” being ascribed to the small difference in the 
values of pKr, and pKr;. A similar situation is seen in the Bind- 
schedler’s green curve, and in this instance we now have the values 
of Table 10 directly determined by hydrogen electrode measure- 
ments. 

This leaves no doubt that other inflexions must be ascribed to 
the basic groups of the oxidant provided we retain the very reason- 
able assumption, discussed in Paper VIII, that the absence of any 
tendency toward a “‘0-slope”’ of the E’, : pH curve indicates that the 
central nitrogen binds firmly a hydrion. 

Comparing the oxidants we find the following interesting facts. 
If the polar group should have a basic dissociation constant weak 
enough, there will occur an inflexion at measurable values of pH. 
Decomposition of Bindschedler’s green prevents the direct detection 
of this inflexion. The methylene blue system shows none. On the 
other hand, both the Lauth’s violet and the toluylene blue systems 
show this inflexion. Ifthe amino group has a dissociation constant 
high enough, there will occur an inflexion of the E’, : pH curve from 
“09-slope” to ‘‘.06-slope” in acid solutions. None was surely 
detected in either Lauth’s violet or methylene blue, although sug- 
gested by one measurement in 5 N HCl. But this inflexion is 
now distinct in the Bindschedler’s green curve; and it is also present 
in the toluylene blue curve where it is produced by one of the amino 
groups of the oxidant. That it can be identified in each case with 
an ionization of the oxidant is evident not only in the direction of 
the inflexion but also in the color change which, when applied in 
Salm’s method, gives a dissociation constant practically identical 
with that determined by the center of inflexion of the E’, : pH curve. 
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Thus if the four systems are considered together there is left 
no doubt whatever of the correctness of the formulation given in 
Paper VIII. 

There remains the interesting question of whether the dominant 
form of toluylene blue is represented by formula III a@ or by IIIb 
(page 2). There is also the possibility of an orthoquinone struc- 
ture analogous to IIIb. The fact that one basic dissociation con- 
stant of toluylene blue is of the high order of magnitude of one con- 
stant for each oxidant of the other systems merely indicates a polar 
group. 

There are three basic dissociation constants (corresponding to 
two amino groups and one dimethylamino group) to be allocated 
in the oxidant of toluylene blue. The fact that the toluylene blue 
curve in acid regions shows no break from the ‘‘.09-slope,’’ indicates 
that one of these basic dissociations (Ko,;) is too weak to be detected 
and can be reasonably assigned to one of the amino groups. 

It is also to be expected that a dimethylamino group in a com- 
pound of this nature will have a basic dissociation greater than that 
of a simple amino group. It follows, therefore, that the second 
basic dissociation (Ko,,:) in the oxidant of toluylene blue must be 
assigned to the remaining simple amino group, and that the largest 
dissociation constant (Ko,,) belongs to the dimethylamino group 
which is presumably polar. If this reasoning is valid, structure III a 
for toluylene blue may be regarded as the more probable. 


EQUATIONS 


In the treatment of analogous cases described in paper VIII, the 
equation was abbreviated by leaving out of consideration the unde- 
tected ionizations. The more complete equation would have 
been (8) 





: [Srl 
Pa- Es ap Ing 
_RT In Koy; Ko,[H*] + cry +Kopf[HtP (8) 





~ nF ™ Kr,Kr.Kr,{H*]+ Kr.Kr,{H*}?+ Kr,{H*? + (H*]* ~~ 
which is derived from equations (9) to (16), the constants being 
defined by (9), (10), (13), (14), and (15). 


[Ox] [OH] 
[OxOH] 


=Ko,, (dissociation of polar group of oxidant)-_-_-_--_- (9) 


[Ox] [H*]_ ci ; ’ 
= = Ko, (equivalent to association of H* at amino 
[OxH] erent of MONE) se cial N 8D. See (10) 


+ +4 
aad ns + Re icc es a Se (11) 
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[OH] [H+] =K, =1.88 X 10-" at 30°____________...__.____.- (12) 
+ - 
Ox + 2e—Red 
+ 
red = Kr, (binding of hydrion at bridging N of reductant)_(13) 
4 
eH eh l_eKy, (equivalent to association of Ht at first 
‘ amino group of reductant)____________- (14) 
+ + 
[Hs =e) [H l_exKr, (equivalent to association of H+ at 2d 
[H;Red] amino group of reductant)___________- (15) 


[Sr] = [Red] + [H Red]+[H,*Red]+[H,Red]....._..._.__._____ (16) 


Since Kr, is negligibly small, the product in (8) where it occurs is 
negligible in the sum. 

We have estimated for the Bindschedler’s green system the values 
for Kr., Kr;, and Ko, by the methods outlined in paper VIII and 
have used an arbitrary value for Ko,,, all of which are indicated in 
Table 8. By the use of pK,=13.73 (30°) there are calculated the 
basic dissociation constants which are shown in Table 16 and which 
can there be compared with the values for components of the Lauth’s 
violet, methylene blue, and toluylene blue systems. 

In this table we have uniformly used the values determined by 
the oxidation-reduction experiments. The hydrogen electrode meas- 
urements of the constants of the reductant were made at a different 
total salt content and these display substantial agreement with the 
results of the other type of measurement. 

In formulating the system toluylene blue-leuco toluylene blue, 
consideration must be given to an additional basic group in the 
reductant and an additional basic group in the oxidant. The latter 
was not detected, either because it is too weak to detect, or because 
measurements at high acidity are very uncertain. Consequently it 
will tentatively be neglected and the numerator of the last term of 
the equation remains as it is in (8). Consideration of the extra 
basic group in the reductant 


cae 
[H+] [H;Red]_ 


+++ Kr, 
[H,Red] 





makes the denominator of the last term 
Kr,Kr.Kr,Kr,{H*] + Kr.Kr,Kr,{H*}? + Kr,Kr,[H*} + Kr,fH+*}‘ + [H*]5 


but again Kr, is negligibly small. Hence for toluylene blue the 
equation is (18) and for Bindschedler’s green the equation is (17). 








24 STUDIES ON OXIDATION-REDUCTION 





5b, RT ,, Stl_RT ,, KouKosH*]+KoKy+KonlH*? 7 
fn Eo oR ™ (So) OF ™ ~ Kr,Kry(H* P+ Kr? + [Hey ~~ 27) 
_ BT, Sn 
E, = E,- oF ln [So] 
RT Koy; Ko,[H*] -}- Ko.K, + Ko,»,[H*}? 


—— Kr,Kr,Kr,{H*? + KrKr,{H*?+ Kr{H*}*+ (Hp - 


[Sr] 


Values for E, when [So] >! (E’, values) calculated by means of 








these equations are shown in Tables 8 and 15. 
CONDENSED TABLES OF POTENTIALS 


To save the reader the laborious task of calculating potentials 
from percentage color change and pH, there are assembled in Table 
17 the E’, values for several indicators (including Bindschedler’s 
green and toluylene blue) at intervals of 0.2 pH. 


In all cases the relation 


E,, = E’,—0.03006 log a 


applies at constant pH and at 30° C. The relations between per- 


centage reduction and — 0.03006 log Se are shown in Table 18. 





If, for example, there is observed a 90 per cent reduction of toluylene 
blue in a solution known to have a pH value of 6.6 the calculation of 
the oxidation-reduction potential is as follows: Table 17 shows that 
toluylene blue at pH 6.6 and 50 per cent reduction should indicate 
at 30° C. a potential of +0.132: Table 18 shows that at 90 per cent 
reduction the potential is 0.029 volt more negative. Hence 0.132— 
0.029=+0.103. For ordinary purposes, linear interpolations will 
probably be adequate for intermediate pH values, or intermediate 
percentages reduction. 

While the data are for 30°, standardization of calculations in terms 
of these data can be used until temperature coefficients are deter- 
mined. Descriptions of solutions to which the indicators are applied 
should be stated, for it will undoubtedly be necessary later to develop 
systematic investigations of several possible sources of error. 


Summary and Conclusions 


By the procedures here set forth, the principles of which are de- 
scribed in previous papers of the series, there have been determined 
in buffers of various pH values the electrode potentials of mixtures 
of Bindschedler’s green and its leuco base and of mixtures of toluylene 
blue and its leuco base. All potentiometric measurements were at 
30° C, 
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For the Bindschedler’s green system the rationally developed 
equation found to apply is 


E, = ae In [Sr] _RT ny Row Ko, , [H*] + Ko, K et Koy, [H*? 
a= [So] 2F ‘Kr, Kr, [H*]?+ Kr, [H*]>+[H*}! 


where E, is the potential difference between electrode and solution, 
KE, is a charactertistic constant, [So] and [Sr] are the concentrations 
of total Bindschedler’s green and of the leuco base, respectively, 
and the several dissociation constants are defined as follows: 


Oa = Kou = dissociation constant of polar group of oxidant; 

ret eI = Ko, = dissociation of hydrion from dimethyl amino group; 
[Ox H] 

[H Red] [H"] _ kr, = dissociation of hydrion from one dimethyl amino 
[H, Red] 


group of reductant; 
[H, Red] [H*] 


[H; Red] 
amino group of reductant. 





= Kr; = dissociation of hydrion from the other dimethyl 


One hydrogen is supposed to enter combination with the bridging 
nitrogen in the reductant. 

Ko; was only roughly estimated to be about 3 x 107°. This esti- 
mate was based on the influence of pH on the rate of decomposition 
of Bindschedler’s green in alkaline solution, when, in agreement with 
previous work, it was shown that the setting free of the base results 
in the replacement of the polar dimethyl amino group by oxygen to 
form phenol blue, followed further by replacement of the other 
group to form indophenol. 

From inflexions of the E’,:pH curve the other constants were 
evaluated as follows: 

Ko, = 5.4 X 10~', or corresponding basic constant 3.47 X 107"! 

Kr, =3.5 X 107’, or corresponding basic constant 5.37 X 107° 

Kr; = 8.0 X 10~°, or corresponding basic constant 2.35 < 10~° 
At pH=0 the potential is + 0.680 

The values of Kr, and Kr; were confirmed by hydrogen electrode 
measurements of the titration curve. 

Potentials are fairly stable only between pH 2 and pH 9.5. The 
oxidant is subject to decomposition. Its tinctorial power is low, 
It will, therefore, be serviceable as an indicator only for preliminary 
purposes. This is the first indamine to be characterized potentio- 
metrically, and it suggests that the potentials of indamines will be in 
nearly the same general region as those of the indophenols, 
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The equation for toluylene blue is 


E, Bs 5 E,- ir In a 
RT eed : Ko.Ky + Ko, {HTP 


- oF ” Kr,Kr;Kr,fH*]? + Kr;Kr,[H+} + Kr,{H*}‘+ [H+ 





The several symbols are defined in a manner analogous to the above, 
but by reason of an additional amino group the number of dissociation 
constants increases. 
Evaluated by inflexions of the E’,:pH curve, the values of the 
dissociation constants are 
Koy: = 5.62 X 10 
Kw_ 1.19X10~" (by spectrometric measure- 


4 
Ko, =1.58X10 Ko. fier 
Kr, =2.73X 1077 Rs. 83 X 1078 
Ig 

Kr, =4.03 107° Rn =4.72x 10-8 
rz 
Kw 


Kr, =7.26 X 107 Kr = 2.60 x 10-” 
T4 


At pH=0 the potential of the 50 per cent reduced solution is 
+0.601. The order of magnitude of the dissociation constants of 
the reductant was confirmed by hydrogen electrode measurements, 
but the high dilution required prevented accurate computations. 

The values of pKw—pKo,, determined spectrophotometrically at 
20° is 10.58 (10.48 at 30° by electrometric method), and of pKw— 
pKo,=3.77 (3.8 used in calculations). 

Comparison of the data for the indamines with the data for the 
structurally similar thiazines reveals the essential correctness in the 
allocation of dissociation constants. 

A new method for graphic estimation of the end-point of oxidation- 
reduction titration is given. It involves a treatment of poising index 
comparable to Van Slyke’s buffer index. 

The two indicators which have been characterized are suggested 
as possible substitutes for comparable indophenols but with the cau- 
tion that their basic nature and their instability may introduce diffi- 
culties when the indicators are applied to biochemical problems. 
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TABLE 1.—Bindschedler’s green 





Titration of 5 c. c. approximately 0.01 molar leuco Bindschedler’s green dihydro- 
chloride (A) in 50 c. c. buffer No. 5 with K2CrO, in buffer No. 5. 


[pH of 50 c. c. buffer No. 5+5 c. c. water=2.862. Time required, 1 hour] 








Chromate Onan [Si] Eh E’, 
log} 
[So] 
ce Per cent 
avin uiatedus oni iil. LA) calodqubal 8 | +0.0319} 0.4723] 0.5042 
| EAN. SRA PT ONS IO RL AE DOLE PO NE 16| +.0216| .4825| .5041 
8 UR oa Cc aadilig eh 8 ERR ad rel le hp ct linn GMS 24} +.0151| .4800|  |5040 
PY ai AEST PF on BR 9 RRR 2 ETT eh HE ETT 32| +. °4940 | | 5038 
dy . 
+. 




















TABLE 2.—Bindschedler’s green 


Titration of 5 c. ec. approximately 0.01 molar leuco Bindschedler’s green dihydro-. 


chloride (A) (a slight excess of HCl) in 50 c. c. buffer No. 5 with K2CrO, in buffer 








No. 6. 
[pH of 50 c. c. buffer No. 5+5 c. c. water=2.862. Time required, 1 hour] 
| 0.03006 
Chromate = [Sr] En E’. 
log 3 
{So] 
C. ¢. Per cent 
LESS ae © eae ep eae 6 eee eee Res Oe ere eee he a . 0. 0399 0. 4637 0. 5036 
ad ids Sa OE crow obbtaehithaeeh Wh dew aGeibieiad Aubiid aSdes ben cu 9. 01 - 0302 . 4738 . 5040 
gt ee iE RR gh EE he a Ce eee, 13. 51 . 0243 - 4799 . 5042 
Pibvcetdidunswhlowiatbttntatwdudhbuvddusipiésacnbohedwuduseidue 18. 02 - 0198 . 4845 . 5043 
Dd enee CSR dk Maas chknin ome h ob bai eneeabcanaannssnaeees 22. 52 . 0161 . 4882 . 5043 
tsi, bie eideendinnktaindnechnadebik-ehsehbancininhias xem emi 27. 03 0130 . 4914 . 5044 
Dirtteb sc, ices iden bussbwete tie setblenac tees sehen eeeniagtihs 31. 53 . 0101 . 4940 . 5041 
ards ces gles els K aesaedlioon & edie as tas sino eth Sanit wee ante trie oie 36. 04 . 0075 . 4966 . 5041 
SE OO tat are Oe Re eae | PURSES 2 ee ee 40. 54 . 0050 . 4991 . 5041 
sakies weckaeckuns suneisinasnamentnbe seta enbetigtwesg tend coy 45. 05 . 0026 . 5016 - 5042 
be eS aE Rs hey AY 3 ee SE 8 RR Seer te Bet AE eer yeas. 49.55 | +. 0002 . 5040 - 5042 
BM ohms beatae ncucnageipepke +phetebred aviddihenednn<addbadaed 54. 06 —. 0021 . 5062 . 5041 
Mtiicacd dade. 64cudnd Fapets ote ncdeeknnen euiedd tceb oe ssienuie 63. 06 —. 0070 . 5112 - 5042 
Ada ASbe pth utunnddh Gabbe Mivhaduede cdots thdbeinchawdecuctia 72. 08 —. 0124 . 5168 . 5044 
bis cidttoniea > ddakabadbbeortsandee>insadecendinegesegsbnacces 81. 08 —. 0190 . 5237 . 5047 
AE EPR Ae Ree, SER ee eaten ee ee 90. 09 —. 0288 . 5349 (. 5061) 
TE: .tvscpnnadthicabobbbnckbandckbbeadbens belch iitdbbbo dbdnmeabbenh 94.60 | —.0374 . 5450 (. 5076) 
ORR ARO le ICA RO REALE ate EINE SALI EN Sy SN EIR MRT ee 
I as psig tetris h pins ee <tyth bis phd sand den | dan cpegan ede pee tbe eietns knots . 5042 
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TABLE 3.—Bindschedler’s green 


Titration of 5 c. c. approximately 0.01 molar leuco Bindschedler’s green dihydro- 
chloride (A) in 50 c. c. buffer No. 6 with K2CrO, in buffer No. 6 diluted (50-5). 


[pH of 50 c. c. buffer No. 6+5c. c. water=3.327. Time, 1.2 hours] 





: 03006 
Chromate Oxidation [Sr] Eb E 








(0. 4692) 
(. 4700) 




















TaBLE 4.—Bindschedler’s green 


Titration of 5 c. c. approximately 0.01 molar leuco Bindschedler’s green dihydro- 
chloride (A) (slight excess HCl) +450 c. c. buffer No. 7 with Kz CrO, in buffer No. 7. 


(pH of 50 c. c. buffer No. 7+5 c. c. water=3.838. Time, 1.5 hours] 








. 03006 
Chromate Oxidation log [Sr] En E3 
[So] 
C.¢ Per cent 
EY RETEST ed TE ENR aE RE ne MG ID Oe oR AUER USP vem 38 0. 0374 0.3908 | (0. 4282) 
Berke dansk au kusdadudantanvbcadueks ncaa supectudeseasecebaneees 16. 13 0215 - 4079 . 4294 
ees can due erteah as dnnimgWbkenibtiee OpkbL ab oneSeentd sa meter 26. 88 0131 - 4167 4298 
een Ls sha ud nen be Samadi ehr eels «a cmembs Hema pa we sede mantle 37. 63 . 4232 4298 
8 OR eae ER Sel ART SY RE a Nee ee Seeley Lege Dek, poe 48.39 | +. 0008 - 4289 4297 
iandh~dccsivnah xb pmakiy woud kadudiewalclis donne SUN koawalast nun 59.14 | —. 0048 . 4346 4298 
ahs Ss bc knskw dees Goske ran ncde ver csnde selec wadng ease sewage ie 69.90 | —.0110 - 4408 4298 
PEER Ss ERE ED FOR RES AEE ORE ee TS 80.65 | —. 0186 4484 4 
EE RESIS EMS eats OL SAE PO SEDE A, SRE GE Sane SE 91.40 | —.0309 - 4295 
Bie tis enlain ch hina cs Chea Wu a Keane caslanee oh ae eee 96.78 | —.0445 4725 (. 4280) 
DW Rhee etc lubucies Ghsertunnkcbu ape cdansaccasmeanbddhhinnaseee Of eee Meromeneenye Lamm meat 
SEALE APIO TE Me Ak eer e ARNE VEL Mira es) Samet tier sep Are CeMMM NN Sem mmRee Ie - 4297 

















TaBLE 5.—Bindschedler’s green—Relation of E’, to pH 


Series 1: 50 c. c. 0.01 molar leuco Bindschedler’s green partially oxidized with 
approximately 5 c. c. 0.1N chromate solution—é c. c. of this added to 50 c. c. various 








buffers. 
Buffer No. pH En E; 
| 

ESA op ee Ie oY Me ROE engl a A Ue TI a OT Satie Con! 8A RA «OR | 1. 077 0. 6121 0. 6179 
Mt Sk ete acais Od cn ileatere ace ae Leite Sank gsi dnctes aide Reha atie cabanas 1.977 . 5565 5623 
cist abiaas lick Aiaoiha'ns hairks ieee eee Dads ak oka biaeitn Ms don ee ohcaaew eed 2. 862 . 4985 5043 
, ETE EER i a ey ee ote WEE APE OES TR Re, SES A Nd A a 3. 838 . 4237 4295 
ects nds Gn ve wus bien nw dieb ad hak deemed aah ee ntimetnedtee sanades | 4. 872 . 3396 3454 
Ba this a ai discinhen ik ek ante Rita rd hen whe dies Reed Lada ed aad ect i sii | 5. 399 . 2993 3051 
DEB CRS OTR TO eae Breet ONS 3) ARO EER eae 2 PM eae 6. 275 . 2480 2538 
EERE OR A LE SOILED aD NEE LAS NEN GNC. Tyee aR I, 6. 942 . 2210 2 

SENSE RENE Pe ER SA Piers SORE NAR AS EEE NR t ky Spe eem 7. 956 . 1899 1957 
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TABLE 6.—Bindschedler’s green—Relation of E', to pH 





Series 2: 75 c. c. 0.01 molar Bindschedler’s green+-about 25 c. c. 0.03 N chlorine 


water—5 c. c. of this added to 50 c. c. buffers. 








Buffer No. pH En EZ 

1. 077 0. 6107 0. 6130 
1. 374 . 5952 . 5975 
2. 439 . 5299 . 5322 
2. 862 . 5016 . 5039 
3. 327 . 4681 47 

3. 838 . 4272 . 4295 
4. 364 . 3842 . 3865 
4. 872 . 3429 . 3452 
5. 399 . 3040 . 3063 
5. 812 . 2773 . 2796 
6. 275 . 2517 . 2540 
6. 618 . 2354 . 2377 
6. 942 . 2231 . 2254 
7. 494 . 2057 . 2080 
7. 956 . 1946 . 1969 

















TaBLE 7.—Bindschedler’s green—Relation of E’, to pH 


Series 3: 1 c. c. or 5 c. c. of a solution containing 0.0025 molar dihydrochloride 
of leuco base (sample B) and 0.0025 molar Bindschedler’s green zinc double salt 


(sample B), added to 50 c. c. of each buffer 




















Amount 
H 50:5 , E’. cor- 
Buffer No. abe of solu- E’> 
dilution tion used rected ! 
C.¢. 

i hae a os eit adaeceng nave deeusas 1.077 5 0. 6141 0. 6160 
Ey EE SY SIS RE aE ed Pe ree 1.977 5 . 5600 . 5619 
Rid echo i ccncn chee bbabepanvahs<Gbbmnwicketietd o> sesupaes cee sne 2. 862 5 . 5027 . 5046 
ae iS se aaa ae a puane he besaanens bh dines dbsns ak 3. 838 1 . 4282 . 4301 
a a a eae ECL oan h panaecegyl alvesbe cena 4. 350 5 . 3848 . 3867 
le ee ith sh ds & Seve Har owed eiee ecibetiece a> saccanswed lionel 4. 872 5 . 3440 . 3459 
Oe Oe 8 oD ania aaree dark danish gs benhesamanm 5. 812 5 . 2775 . 2794 
OOS SGU Se RT IEE AE tS BAAR RS RE 6. 618 5} . 2366 . 2385 
ee a niche t pce SEERA kaa nip deu RENE had opie euinie aha abe 7. 494 1 | . 2053 . 2072 




















STUDIES ON OXIDATION-REDUCTION 


TABLE 8.—Bindschedler’s green—Average values of E’, 


31 








, E’, cal- | Devia- 
Buffer No. pH E’o | culated!| tion 
Pip parece kc aat ck dye nasansue delnanbesambntndteceses diane sakdaws 1.077 0. 6157 0.6153 | -+0. 0004 
Riceeancenneayateunteven nisulensubaseJigkty Seneeheksecsanase aes 1.374 . 5975 . 5974 +. 0001 
Betas ethan sinh ann nab Uinta den ceed Ase nh eh Senuhinamen 1. 977 . 5622 . 5607 +. 0015 
Winn int sce piscduutevtilinus an dunvdspaedtisinne eiecenencaesedesas 2. 439 5322 - 5318 +. 0004 
Bet gaan ja nciakhira pee neten pada den kekacdikanenesipentednunateuns 2. 862 - 5043 - 5039 +. 0004 
Bi yn aa catgut blak lyn day Anam oath anda cbabeae wens ete 3. 327 - 4704 . 4704 . 0000 
Wikdn an ocak dnhiwsasscdubiuchansiddassiansedaomedasesseagh hie 3. 838 - 4298 - 4299 —. 0001 
Wi cgSkneqksackasbishss uibuwelsbalucsddneasetcnenen+necsunneteam 4. 350 . 3868 . 3872 —. 0004 
Wah oxi sinig pit ope SS Race WEN at cod ceeeennnheebekeoaneuh = kWene 4. 364 . 3865 . 3861 +. 0004 
BidaScccandownhuwcelKiebp ist~liee dined kaeenn wees elwieteet mks 4. 872 - 3455 . 3450 +. 0005 
DEG insianncnns antici bc ast karehs ape peghsannine sida opekhsnteode sabes 5. 399 . 3057 . 3065 —. 0008 
MA wehi ns Sonne whgeaenas ivan ake ae Mie tae a Gees eae aed 5. 812 . 2796 . 2303 —. 0007 
Seah oa nhoes swcantiaanndiqrrecanceasdackuccncdgamabandewdeuacan 6. 275 . 2539 . 2551 —. 0012 
Minnsws uate datiisdychuacreccusd coqewans daaseeb emewieceuences 6. 618 . 2382 . 2392 —. 0010 
Mngt ed Late occ ened a ag kik aaah ee ke wT he Ranh ota eee 6. 942 . 2261 . 2262 —. 0001 
ME doe cnendactawhsackhbesheWcciyascnah saben sadeas ann seretanda 7. 494 . 2087 . 2071 +. 0016 
EIA RR REE: RE RACE Pare ee CEE 7. 956 . 1963 1924] +. 0039 

















1 Calculated by means of equation (17) using 


E’ pHo= Eo—0.03006 log Koni =0.6801 
E.=0.5742 

Koni =3 X10 PKw—pKon=11.2 
Ko2=5.4X10-' PKo2=3.27 
Kw=1.88X10-" PKw=13.73 
Kr3=8 X10 pKr3=5.10 
Kr3=3.5X107 PKr2=6.46 


TABLE 9.—Miztures of Bindschedler’s green and its leuco product. 


Solution A: 


zinc double salt | Bindschedler’s green (sample B), and dihydrochloride of leuco 
) 


product (sample 


by weight 0.00125 molar oxidant and 0.00125 molar reductant 


in undiluted buffer No. 8. Solution B: 0.0025 molar oxidant in buffer No. 8. 


Solution B used in preparation of solution A 


{pH of undiluted buffer 8=4.337. E’. calculated from data and equation of Table 8=0.3883] 















































: : 0 03006 Corrected 
Experiment Buffer | Solution | Solution E [Sr] EF’ 0. Corrected 
No. No. 8 B A te log #24 ° log [Sti] E’o 
[So] og (So) 
C.¢. C.c. C.c. 
Lc dacnceensuea 50 0 1] 0.3858 0 0. 3858 | +0. 0019 0. 3877 
& . 3858 0 . 3858 . 0019 . 3877 
6 . 3860 0 . 3860 . 0019 . 3879 
10 3862 0 . 3862 . 0019 . 3881 
20 | 1 .3867-0. 3855 — SOR eS Ween, eee oe 
rig oh are oneape Sep 50 1 4! 0.3914 —0. 0053 0. 3861 | —0. 0029 0. 3885 
6 —. 0038 . 3860 | —. 0015 . 3883 
8 3890 —. 0029 . 3861 —. 0008 . 3882 
10 —. 0024 . 3862 | —. 0003 . 3883 
15 3881 >. 0016 . 3865 +. 0004 . 3885 
20 3878 —. 0012 . 3866 | +. 0008 . 3886 
Bid eekecsesacuu 50 2 SiGe —  ~Teneenee Dora cee —0. 0330 0. 3892 
4 3945 —0.0091 | 0.3854 —. 0062 . 3883 
6 3923 —. 0067 . 3856 | —. 0042 . 3881 
8 3911 —. 0053 | . 3858 —. 0029 . 3882 
10 3903 —. 0044 . 3859 —. 0021 . 3882 
a eee 50 3 bee, Se POP ee feed Tie cpe —0, 0330 0. 3873 
2 . 4017 —0, 0181 0. 3836 —. 0137 . 3880 
5 . 3954 —. 0103 . 3851 —. 0073 . 3881 
10 . 3919 —. 0061 | . 3858 —. 0037 . 3882 
20 . 3898 —. 0034 . 3864 —. 0012 . 3886 
Average._..-_-- | eee Kee 2 eee fecdan Vabietecwdleks Gowns Se, | | eens . 3882 
| ' 





1 Drift in 8 minutes. 
2 Corresponds to about 6.9 per cent reductant. 
§ Corresponds to about 7.9 per cent reductant, 
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TaBLE 10.—Titration of dihydrochloride of leuco Bindschedler’s green with NaOH. 
Dissociation constants calculated as if for a diacidic acid 


[NaOH]=1.0106X 10-3 N 
A=c. c. 0.001 normal NaOH —equivalent of excess HC] 
V=volume of solution in c. ce. 


.0025 
Ow * x6 _molsr conc. of leuco Bindschedler’s green 


B’:=Br—B'1 

B= 0 45X10) _ 
2" (Ht *)}+- 4.5 x10) 

BM =o 89X10) 
[E14 6.9X10-9 


pKi=pH +log [C —(B’:+[H ‘])]—log (B’;+[H*]) 
pK2=pH +log [C—(B”2+[H*})]—log (B’’:+[H*]) 





















































NaOH A V CX10' | BrxX10' | B’2x105 | B’1X108 pH [H*]x105 pKi 
Ce Ct. Ce 
ee Sei Ree Meee | Seems 1) Rees EMS Oe eS Ce 
Baca veknel a6ck cael aedeiekel bakuchsns lcs cane gtiameidacaaiinkehongleee | SSeS Carne 
ees Set a Ce Ne, Neh AE Rie at IE. Ay SE '! on (ae Cee 
re? 0. 47 57 2.19 0. 0825 0. 254 0. 067 4. 416 3. 84 (5. 002) 
Bick Caen. 1. 48 58 2.16 . 2552 . 323 4. 529 2. 96 5. 029 
es ae 2.49 59 2. 12 . 4220 . 407 381 4. 639 2. 30 5. 032 
5. ae 3. 50 60 2. 08 . 5833 . 513 532 4. 749 1.78 5. 034 
6- one 4.51 61 2.05 . 7393 . 647 675 4. 860 1. 38 5. 042 
es = 5. 52 62 2. 02 . 8903 . 808 810 4. 965 1. 08 5. 044 
ee 6. 54 63 1. 98 1. 038 . 997 5. 071 . 849 5. 042 
PTS 7. 55 64 1. 95 1. 180 1, 232 1. 057 5. 176 . 667 5. 043 
© ip tetotes 8. 56 65 1. 92 1.315 1. 532 1. 162 5. 285 . 519 5. 050 
Ose eed 9. 57 66 1.89 1. 450 1. 898 1. 260 5. 395 . 403 5. 052 
| Weyenernae 10. 58 67 1. 87 1.579 2. 344 1.344 5. 503 .314 5.059 
| ee 11. 59 68 1. 84 1. 704 2. 885 1. 416 5. 616 . 242 5. 060 
14. ctor 12. 60 69 1.81 1, 826 3. 496 1. 476 5. 725 . 188 5. 049 
pt EES Ee, LS eae! ROE en ate! SNE ee, Nee Se SPE ee ae 5.05 
B’’;X104 | B’’2x105 pK2 
_ Rae 13. 61 70 1.7 1. 944 1. 54 4.04 5, 838 0. 145 6. 354 
ASS cane’ 14. 62 71 1. 76 2. 059 1. 56 4.99 5. 948 113 6. 337 
_ See 16. 64 73 1.71 2. 279 1, 59 6. 89 6. 170 0676 6. 334 
|, ao 17. 65 74 1.69 2. 385 1. 60 7. 85 6. 292 0511 6. 349 
iad 18. 66 75 1. 67 2. 488 1. 60 8. 88 6. 406 0393 6. 337 
RS 19. 67 76 1. 64 2. 588 1. 59 9. 98 6. 542 0287 6. 347 
a 20. 68 77 1. 62 2. 686 1. 58 11. 06 6. 690 6. 355 
1a 21. 69 7 1.60 2. 781 1. 58 12. 01 6. 872 0134 6. 382 
a 22. 70 7 1. 58 2. 873 1. 57 13. 03 7. 104 0079 (6. 430) 
ht EEOC E rs (Sa ea ER Peele aie, RES ee ee Ramee, Ae et Sea 6.35 
«eee: Mk Cee eRS. tener atis: SR fires feeceiee page 7. 26 
ee og, Ewe et Doe eget SR 44 ee Mee ae 7. 50 
7) ae Es eR am Ge SEE «EAS Se EE et oye dat 7. 80 
EE 2 ces SOIREE Dw en SRD RETe « aie Sar SE ES: | 8. 20 
Fg RIE oy ae eee, RR. Se ak RR 8. 36 
_» ae OS |) eee oR RR a. RT i LER. 8. 53 
ee he BR ete aeaeion eumameee tame 8. 69 

















Ki=Kr= a. Hence pKr3=5.05; Kros:=2.11X10~. 


Ki=Kn- ge Hence pKr2=6.35; Krp2=4.21X10-%, 








ee a ee ee a 
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TABLE 11.—Bindschedler’s green 


Change of potential per minute in solutions of different pH value containing 
initially approximately 50% reduced Bindschedler’s green 0.0001 molar. (30° C.) 














=a) 
—dE —dE Pi 2 a 
Buffer No. Nature of buffer loe( 4; ) pH log ( dt 

dt dt pH 
Re Sat ESE gS | 3) TSE Sey ae 0. 000024 —4. 620 7. 494 —12.114 
— eer PORTE Ei ennssni daekbawcecoecen . 000083 —4. 081 7. 956 —12. 037 
ee H3B0O;+NaCl+Na0H._._-...--...-.--- - 000058 —4. 237 8. 060 —12. 297 
See 2 H3:B0O3;+NaCl+Na0OH._-_-.....--------- . 000226 —3. 646 8. 643 —12. 289 
TE, nscaawk H3BO3+NaCl+Na0OH._._-.-...--------- . 000755 —3. 122 9. 218 —12. 340 
RPS H3:B03+NaCl+Na0OH__......--.-.-.- . 002340 —2. 631 9. 715 —12. 346 
eee =" Na2HPO«+NaCl+Na0H..-_---------- SRE 5 SAE SRSA CERES: SORE SS 




















1 Too high to measure. 
TABLE 12.—Toluylene blue 


Titration of 2.45X10™ molar leuco toluylene blue with K,CrO, in buffer No. 6. 











(pH = 2.862.) 
Oxida- | %99008 
“a , 
KsCr0, tien |i a En Eo 
C.c¢ Per cent 

5 os ssincinca dius cigleciehaiiinecinipnntiicsiepaedanaiaenchataasaeimaiad 12. 0.0257 | 0. 3397 0. 3654 
SEA See rn a RE a i oT Ras ae es 24. 54 0147 . 3509 3656 
| SELON EE OTE INET ETS + Ls COT RR 36. 81 0070 . 3586 3656 
| 8 ihe ROE FRE BP ae SEES 1 OE TES 42. 94 0037 . 3620 3657 
cai ahs ipteathdhonatedenstipannionyntiningeanieebiblanekssheneh hasnt 49.08 | +. 0005 . 3653 3658 
ERR RS SA a Aileen co aie ee Sie 3 55.21 | —. 0027 . 3685 3658 
EE er RE RO OES See ee a ee 61. 35 —. 0060 . 3718 3658 
DicnecnchdhWen cam satsitivetncednbereheosebbdanaveep divhveceadas 67. 49 —. 0095 . 3753 3658 
sis cnduepabiedoninitintinmnsatbensdmedddinecbensredege den’ 73.62 | —.0134 . 3792 3658 
Ta eieadanitbinliehensesananihsnendedaalussncbate pees secon 79.76 | —.0179 . 3837 3658 
Te 6 cteeinhia heaien ich aedgiedithdensheeananbetpeventd 85.89 | —. 0236 . 3892 3656 
Bc Rinse anda babies <0= + dae noo Ga ash pusesans nau 92.03 | —. 0319 . 3972 3653 
Bs SccnadqgdlincsvaduShibeconceumbdh tas eGbiben<estgebavesvaxch 98. 16 —. 0518 4134 (. 3626) 
Td : niente cdeediaebns adie hengusttkiienesatiadksbetkevssted Pr mm a) Re seme d 

DI bk ktehasode css nkcidtesudnsbabncaubsvindesdaghesccemtbesdusndeeweesens 3657 

















TABLE 13.—Toluylene blue 
Titration of 2.5 X 10-* molar leuco toluylene blue with K;FeCys in buffer No. 16. 





(pH =6.926.) 
K3FeCys Oxidation | 0,03006 log a En E; 





C.c. Per cent 
0 
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TaBLeE 14.—Toluylene blue 


Titration of 2.6 X 10-* molar leuco toluylene blue with K,CrO, in buffer No. . 












































(pH = 2.450.) 
K:CrO, Oxidation | 0.63006 logis} En E; 
0. 
C. ¢. Per ce 

RE Eig Fo oe ee ee SOT Me eT OE 7. 69 0. 0324 0. 3650 0. 3974 

ee ne ee ee ee ee 15. 38 . 3731 
Beeb ecck edeckdudenenbedioel cistuakapetbbehonsscerenee 23. 08 0157 . 8791 3948 
REE | CE SE oe ee Ss eee ee 30. 77 0106 . 3838 3944 
_ Se Sa. eee eet: eee 38. 46 0061 . 3881 3942 
_ SERRE ee Se ree eS ee ee 46.15 +. 0020 . 3921 3941 
BR od Fa newidenn cecebuccneg lendesereancustebieesnesenqueninl 53. 82 —. 0020 . 3961 3941 
RE Se ee PLE EE ee ea | ere 61. 54 —. 0061 . 4002 3941 
| BSE ert ere Fe ae Ra ee ee 69. 23 —. 0106 . 4047 3941 
Si ncpk bint bebe eeasadie woorabenretabinedbanieeaind 76. 92 —. 0157 . 4099 3942 
Re no a ne OR RE RT Ce OS 84. 62 - . 4165 3943 
DE. ocitdédutinkntennnvccénueheorcsubendeieghentiann nepal 92. 31 —. 0324 - 4283 3959 
SR a ee a Ws RE eh ieee. Sn eee! EE SS Ae, ats ee 
IE CRN 65d he cvcien nab nso ceneippteled cetpatiie ten dupie de tnin iw kala deen pil 3941 

TaBLeE 15.—Toluylene blue—Relation of E’, to pH 
Series I f Series III Odin. 
Buffer H Series II Average | jated Devia- 
No.! Pp "o E’o E’ tion 
En E’o En E’o 4 

1. 086 0. 505 0. 5042 | +0. 0008 
1. 365 . 479 ; —.0010 
1. 580 . 463 .4617| +.0013 
1. 978 . 430 4294} +. 0006 
2. 450 . 3941 3942 | —.0001 
2. 862 . 3656 . 3659 | —. 0003 
3. 316 . 3358 . 3356 | +. 0002 
3. 570 . 3185 .3184 | +. 0001 
3. 819 . 3020 3011 | +. 0009 
4. 092 . 2816 . 2820 —. 0004 
4. 336 . 2643 . 2650 —. 0007 
4. 842 . 2306 —. 0003 
5. 380 . 1954 . 1972 —. 0018 
5. 787 1721 . 1733 —. 0012 
6. 262 . 1468 . 1478 —. 0010 
6. 275 1472 . 1472 . 0000 
6. 612 1312 . 1312 . 0000 
6. 926 1186 . 1181 +. 0005 
6. 946 1172 . 1173 —. 0001 
7. 469 . 0986 +. 0002 
7. 903 0847 . 0846 +. 0001 
8. 019 0815 . 0810 +. 0005 
8. 403 0688 . 0692 —. 0004 
C—O 8. 787 0625 . 0574 +. 0051 
ia 6 éenabe 9. 207 0443 . 0444 —. 0001 
_ Se ae 9. 695 +. 0282 | +. 0284 —. 0002 
ree 10. 86 —. 0188 —. 0207 +. 0019 
Mis ssipadiginoieoa 11. 40 —. 0488 | —. 0501 +. 0013 
See 11. 72 —. 0666 | —. 0686 +. 0020 
Sees © 12. 30 —. 1029 | —.1029 . 0000 
_ Reet 12. 75 —. 1666 | —. 1299 —. 0367 
































1 Solutions designated with “1/2” made from approximately equal parts of the adjacent solutions. 


PKw—pKovi=10.48 Kon=5.62X10-4 pKro=6.56 Kro=2.73X10-77 
Ko: =3.8 Koa. =1.58X10-4 pKr3=4.40 Krs=4.03X10-5 
’pHo=0.6011 pKry=2.14 Kr4=7.26X1073 
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TABLE 17.—E’, values for several oxidation-reduction indicators. 30° C. (Values 
rounded to nearest millivolt) 


| 
| 
| 
| 
| 


indo- | 


1-Naphthol-2-sul- | 
phonate indo, 3’, 5’ | 
dichlorophenol 
1-Naphthol-2-sul- 
phonate indophenol 
2, 6-Dichlorophenol 
indo o-cresol 
6-Dichlorophenol 
indophenol 
Bindschedler’s green 
phenol 
m-Bromophenol! indo- | 
phenol | 


Methylene blue 
Toluylene blue 
o-Chlorophenol 


2, 


| 








| 
4 Indigo disulphonate 
S 
oes | nai h | 
z E ndigo tetrasulphonate 





eee 
322323935: 


EL, oe 
So 
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$2 HOG HO NNINININIAA ASM grorergn 
SCOAKePNwWOMAKNOCMALNWOMWMOBRNSO 


SSFI SSS SPSS SSIES. 


PEP SS RAE - > Pee 























1 Unstable in this region of pH. ? Decomposes in this region of pH. 
TaBLo 18.—Relation of percentage reduction to potential at constant pH determined by 
E,=E’,—0.03006 log te at 30° C. 


[Values rounded to nearest millivolt] 
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